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Abstract: X-ray computed tomography (XCT) was utilized 
to visualize and quantify the 2D and 3D microstructure of 
acetylated southern yellow pine (pine) and maple, as well 
as furfurylated pine samples. The total porosity and the 
porosity of different cell types, as well as cell wall thick-
ness and maximum opening of tracheid lumens were 
evaluated. The wetting properties (swelling and capillary 
uptake) were related to these microstructural characteris-
tics. The data show significant changes in the wood struc-
ture for furfurylated pine sapwood samples, including a 
change in tracheid shape and filling of tracheids by furan 
polymer. In contrast, no such changes were noted for 
the acetylated pine samples at the high resolution of 0.8 
μm. The XCT images obtained for the furfurylated maple 
samples demonstrated that all ray cells and some vessel 
elements were filled with furan polymer while the fibers 
largely remained unchanged. Furfurylation significantly 
decreased the total porosity of both the maple and pine 
samples. Furthermore, this was observed in both early-
wood (EW) and latewood (LW) regions in the pine sam-
ples. In contrast, the total porosity of pine samples was 
hardly affected by acetylation. These findings are in line 
with wetting results demonstrating that furfurylation 
reduces both swelling and capillary uptake in contrast 
to acetylation which reduces mostly swelling. Furfuryla-
tion significantly increased the cell wall thickness of both 
the maple and pine samples, especially at higher levels of 
furfurylation.
Keywords: acetylation, cell wall thickness,  furfurylation, 
hardwood, microstructure, porosity, softwood, sub-
micron X-ray computed tomography, tracheid, wettability
Introduction
Wood is modified to improve its decay resistance, dimen-
sional stability, and weathering performance, and to 
reduce its water sorption (Hill 2006). Chemical modifica-
tion changes the wood’s chemical composition, wetting 
characteristics, biological durability, and mechanical 
properties. In short time, the modification changes the 
mechanisms related to cell wall swelling and the chemi-
cal properties of the cell wall matrix (Sander et al. 2003). 
Chemical modification leads to a permanent bulking of the 
cell wall in contrast to the reversible swelling due to water 
sorption. Mapping and visualization of these structural 
changes increase the understanding of the mechanism of 
chemical modification and facilitate the optimization of 
the modification parameters. Sander et al. (2003), Kwon 
et  al. (2007) and Wålinder et  al. (2009) studied micro-
structural changes induced by chemical modification of 
wood. For instance, acetylation was observed by electron 
microscopy (EM), and no evidence was found for cell 
wall damages or significant change in the microstructure 
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(Sander et al. 2003). In another scanning electron micros-
copy (SEM) study (Wålinder et al. 2009), it was shown that 
some micro- structural changes may occur in situ polymer-
ization during furfurylation, like polymer-filled lumen and 
microcracks in the cell walls. However, microstructural 
properties and remaining air-filled voids in acetylated and 
furfurylated wood samples are not yet quantified.
Microstructural features such as tracheid dimen-
sions, cell wall thickness, total porosity, and poros-
ity of certain cells and special tissues can all affect the 
macroscopic properties of wood (Trtik et  al. 2007). The 
complex wetting phenomena including water uptake 
are affected by the 3D morphological characteristics of 
wood (Sedighi-Gilani et al. 2012). Bucur (2003) compiled 
several nondestructive imaging techniques for observa-
tion of wood morphology. Most of the routine techniques 
provide only 2D images and have a limited resolution. 
X-ray computed tomography (XCT), first developed 
for medical applications, is meanwhile an established 
technique to visualize 3D structures in wood at macro-, 
micro-, and nanometer scales also in wood science. A 
few examples may illustrate this: XCT was applied to 
study wood species (Trtik et  al. 2007; Van den Bulcke 
et  al. 2009; Svedström et  al. 2012), wood coatings (Van 
den Bulcke et al. 2010; Bessières et al. 2013), structural 
changes during drying and modification  (Leppänen 
et al. 2011; Van den Bulcke et al. 2011; Taylor et al. 2013; 
Biziks et al. 2016), archeological wood (Svedström et al. 
2011), cork (Oliveira et al. 2016), fiberboards (Badel et al. 
2008, Walter and Thoemen 2009), wood plastic com-
posites (Defoirdt et al. 2010; Schwarzkopf and Muszyn-
ski 2015), plywood (Van den Bulcke et  al. 2011), wood 
strand composites (Li et al. 2016), and wax-impregnation 
(Scholz et al. 2010a,b), just to mention a few. In general, 
the emerging synchrotron based TM with its high resolu-
tion has a great analytical power for wood research (Trtik 
et al. 2007; Hass et al. 2010; Zauner et al. 2012; Endo and 
Sugiyama 2013; Baensch et al. 2015).
In a previous study (Sedighi Moghaddam et al. 2016), 
the multicycle Wilhelmy plate method was utilized for 
determining wetting properties of chemically modified 
wood. The studies included water (as a swelling liquid) 
and the non-swelling octane, and it was demonstrated 
that acetylation reduces water uptake mainly by limit-
ing the swelling. Conversely, the sorption data suggested 
that furfurylation diminishes both swelling and the void 
volume in the samples. Accordingly, there are signifi-
cant microstructural differences between acetylated and 
furfurylated wood. One of the main motivations of the 
present study is to clarify these differences. The method 
of choice is XCT in order to visualize anatomical details 
and to quantify micro-structural properties, such as 
total porosity and the porosity of different cell types, 
cell wall thicknesses, and the size of tracheids after 
acetylation and furfurylation. The wetting properties of 
the modified samples should be rationalized by obser-
vation of microstructural changes induced by these 
modifications.
Materials and methods
One set of boards of Southern yellow pine (pine), Pinus palustris, 
with dimension of 40 × 14 × 2.5 cm3 (L × T × R) were acetylated in a 
pilot plant at SP in Borås, Sweden. The process was performed in a 
microwave-heated reaction vessel following procedures described 
in Rowell et  al. (1985) leading to ca. 16 and 22% acetyl content of 
the samples (pineacet16 and pineacet22, respectively). Two unmodified 
matched samples from the same boards served as control samples 
(pinectrl16 and pinectrl22, respectively). The pinectrl16 has a growth ring 
width of 0.4–1.3 mm and a latewood (LW) portion of 61 ± 9%, while 
the corresponding values of pinectrl22.2 were 1–1.8  mm and 37 ± 9%, 
respectively. The furfurylation process was performed on another set 
of pine and maple samples in an autoclave by means of a pressure 
process, and cured and dried in a vacuum drying kiln at a pilot plant 
at Kebony AS, Porsgrunn, Norway, following procedures described 
in Lande et al. (2004). The following furfurylated samples were pre-
pared: (1) pinefurf28 and pinefurf45 with weight percentage gain (WPG) 
of ca. 28 and 45%, respectively, and (2) furfurylated maple (Acer pla-
tanoides) (maplefurf32) with a WPG level of ca. 32%. The unmodified 
pinectrl sample was the same as for pinectrl16. The maplectrl was col-
lected from the same board.
Needle shaped samples measuring approx. 5 mm (L), 1 mm (T) 
and 1 mm (R) and (or smaller) were cut with a razor blade from larger 
wood blocks. For each sample type (e.g. pineacet22), two pure early-
wood (EW) and LW samples were prepared. The samples were then 
dried at 104°C for 1 h in an oven in order to have the same conditions 
as for the wetting measurements (see below). The samples were then 
glued on a cylindrical pencil lead sample holder.
The central part of each needle shaped sample, measuring 
approx. 0.5 × 0.5 × 0.5 mm3 was scanned on an instrument Nanow-
ood, which is a state-of-the-art X-ray CT scanner developed at 
UGCT at Ghent University, Belgium (Dierick et  al. 2014). At least, 
two replicate samples were scanned for each sample type, and in 
total about 50 scans were performed. Samples were scanned at an 
average voltage of 90 kV with a rotation step size of 0.36°, a target 
current of 50 μA, and an exposure time of 2000 ms per image, result-
ing in an approx. scan time of 60  min per object. Reconstruction 
was performed by Octopus Reconstruction, a tomography recon-
struction package for parallel, helical, and cone beam geometry 
 (Vlassenbroeck et al. 2007) licensed by InsideMatters (www.inside-
matters.eu; Gent, Belgium), resulting in an approx. voxel pitch of 
0.8 μm. A selection of samples was also investigated at the highest 
possible resolution of the scanner (0.4 μm). All scans were phase fil-
tered with the Paganin algorithm. Reconstructed volumes were then 
processed with Morpho+ (Vlassenbroeck et  al. 2007), a software 
package for volume analysis, currently known as Octopus Analysis, 
which is also licensed by InsideMatters. Volumes were median and 
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bilateral filtered for noise removal. Wood and air were distinguished 
by thresholding and the total porosity was calculated. The porosity 
of specific structural features (e.g. tracheids in softwood samples) 
was determined by automated labeling and subsequent manual 
selection of the anatomical features of interest. Cell wall (CW) thick-
nesses were calculated by MATLAB® (MathWorks, Natick, USA) 
(details in Van den Bulcke et al. 2009) and in supporting informa-
tion. The porosity and cell wall thickness were measured in the 3D 
mode. All 3D reconstructed volumes were visualized by VGStudio 
MAX® (Volume Graphics, Heidelberg, Germany), while ImageJ® was 
used for visualization of 2D slices through the volume.
The wetting studies were performed on acetylated and 
 furfurylated samples prepared in the same manner as those 
described for the microstructural studies. The multicycle Wilhelmy 
plate method that was employed according to Sedighi Moghaddam 
et al. (2016).
Results and discussion
2D microscopic structure
Phase and noise filtered 2D microstructural images of the 
specimens are illustrated in Figure 1 and Supplementary 
Figure S1. There are no visible microstructural differences 
at the 0.8 μm resolution level between acetylated and 
unmodified pineEW (Figure 1a,b). Tracheids are similar in 
size and shape and no significant changes are seen in cell 
wall thicknesses. Similar observations are noted for pineLW 
(Figure S1). These observations are consistent with SEM and 
TEM data reported for acetylated wood (Sander et al. 2003).
Figure 1: X-ray computed microtomography images of different samples.
Transverse sections of (a) acetylated pine EW (pineacet22), (b) unmodified pine EW (pinectrl22), (c) unmodified pine, different sections of furfu-
rylated pine EW (pinefurf28): (d) transverse, (e) tangential and (f) radial, different sections of furfurylated pine EW (pinefurf45): (g) transverse, 
(h) tangential and (i) radial, and transverse sections of LW samples: (j) unmodified pine, (k) pinefurf28 and (l) pinefurf45. The scale bar corre-
sponds to 100 μm.
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Unlike the acetylated samples, significant changes 
in microstructural properties were detected for the fur-
furylated samples (Figure 1c–l for pine and Figure 2 for 
maple). As seen in Figure 1c, the majority of the tracheids 
in the transverse section of unmodified pineEW are rec-
tangular, pentagonal or hexagonal in shape. However, 
at the lower level of furfurylation (WPG 28%) (Figure 1d), 
the apparent shape of these tracheids became more cir-
cular or elliptical. In addition, it is obvious that some 
tracheids were completely or partially filled with furan 
polymers. This is also illustrated in T and R cross-sec-
tional images (Figure 1e,f). Furthermore, the cell walls of 
the furfurylated samples are clearly thicker than those of 
unmodified samples. Obviously, furfuryl alcohol leads to 
a swelling and, moreover, a formation of a polymer layer 
on the cell walls is clearly visible. At the higher level of 
furfurylation (WPG 45%), even more tracheids are filled 
with furan polymers (Figure 1g) and the cell walls seem 
to be slightly thicker compared to those of pinefurf28. This 
is consistent with the finding of Wålinder et  al. (2009) 
concerning the higher filling ratio of lumens at higher 
WPG levels. Additionally, as illustrated in Figure 1h,i, 
the furfurylated tracheids are completely or partly filled. 
Furan polymer deposits can be found inside the LW trac-
heids as well, where some of the tracheids are completely 
filled (Figure 1k,l). The highest resolution of the scanner 
(0.4 μm) did not give additional information.
The XCT images of chemically modified maple sample 
are presented in Figure 2, where the effects of furfuryla-
tion are clearly seen. Extensive furan polymer deposits 
can be distinguished in the vessels, fibers, and rays. Ray 
cells were mostly filled, while only some of the vessels 
were filled and most of the fibers remained empty. Obvi-
ously, at higher WPG level, furfuryl alcohol more easily 
penetrates to the wood voids of rays and vessels, which 
will be discussed below.
3D microscopic structure
XCT allows 3D imaging of the wood structure without 
laborious sample preparation. The different impres-
sions provided by 2D and 3D images are presented in 
Figure 3 that shows two transverse sections of the same 
furfurylated sample taken at different heights along the 
scanned volume. The same tracheid can thus appear 
Figure 2: X-ray computed microtomography images of different sections of furfurylated maple (maplefurf32).
(a) Transverse, (b) radial and (c) tangential; and of unmodified maple (maplectrl): (d) transverse, (e) radial and (f) tangential cross-section. 
The scale bars correspond to 100 μm.
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Figure 3: 2D X-ray computed microtomography images of trans-
verse sections at two different heights, 530.4 μm apart, of a pinefurf45 
EW sample.
The marked areas show the same tracheid. The scale bar corre-
sponds to 100 μm.
Figure 4: Volume rendering of pinefurf EW with WPG of 28%.
(a) With randomly color labeled tracheid lumens except for the two first rows, (b) a zoomed view of the deposits on the tracheid cell wall; (c) 
randomly colour labeled tracheid lumens of furfurylated pine with WPG of 45%.
either empty (left image) or filled (right image), if only 2D 
cross sections are imaged. The 3D working mode reveals 
more details and also allows for quantification of anatom-
ical features. This is illustrated in Figures 4 and 5 showing 
furfurylated pine and maple samples. The deposition of 
furan polymers on the tracheid walls can be clearly seen 
(Figure 4a,b). Additionally, as seen in Figure 4c, the visu-
alization of the 3D volume helps to understand the distri-
bution and filling of tracheids with the furan polymer. The 
advantages of XCT compared to 2D SEM are obvious. After 
furfurylation, almost all rays were completely filled, while 
most of the fibers remained empty (Figure 5).
Morphological properties
Table 1 summarizes the data concerning total porosity, cell 
wall thickness (CWTh), maximum opening of tracheids, 
and wetting results. The CWTh was determined by exclud-
ing the cell corners. The maximum opening of a tracheid 
is defined as the diameter of the largest sphere that fits in 
the tracheid lumen, and it is thus a 3D parameter. For the 
acetylated samples (in both EW and LW areas), the total 
porosity is similar. Conversely, the results show that furfu-
rylation significantly reduces the porosity of the samples 
in both EW and LW areas.
This can be related to the wetting results (Table 1, and 
details presented in Sedighi Moghaddam et al. 2016), where 
no changes in octane uptake were observed for acetylated 
samples. But changes occur in furfurylated wood. Figure 6 
shows that the total porosity and octane uptake via capil-
lary forces are related to each other for both acetylated and 
furfurylated pine and maple. The total porosity of each 
Brought to you by | Ghent University Library
Authenticated
Download Date | 3/2/17 1:26 PM
124      M. Sedighi Moghaddam et al.: Microstructure of chemically modified wood
Figure 5: Volume rendering of (a) unmodified maple and (c) maplefurf with WPG of 32%. Two other volume renderings show randomly color 
labeled tracheid lumens of the samples without vessels for (b) unmodified maple and (d) maplefurf.
specimen was calculated based on the EW/LW ratio of 
that specimen [measured with a digital caliper, Mitutoyo 
(Aurora, USA) with 0.01 mm accuracy] and the porosity of 
EW and LW volumes obtained by means of XCT. Accord-
ing to this relation, a wood sample with higher porosity 
has higher wicking and capillary uptake. For instance, an 
acetylated sample with approx. the same porosity as its 
control (pineacet22), absorbed almost the same amount of 
octane in wetting measurements as the control, while a 
high-level furfurylated sample (pinefurf45) showed a signifi-
cantly lower level of porosity and octane uptake compared 
to the unmodified sample (pinectrl16).
The porosity of different anatomical features can also 
be determined via the scanned volumes. An example is 
presented in Figure 7 that shows the total porosity and the 
porosity of the vessels, fibers, and rays for maplefurf32 and 
its corresponding control (maplectrl). The large variation in 
porosity (especially for vessels in the unmodified sample) 
is due to absence or presence of single large vessels in the 
scanned samples. The present study demonstrates that 
cell wall filling via furfurylation mostly occurs in rays and 
partly in some vessels, while the wood fibers were less 
affected. This findig is also reflected by the porosity reduc-
tion of the rays and vessels, whereas there are no changes 
with this regard in the fibers.
The CWTh, or more precisely the distance between 
two adjoining wood cells, was also evaluated (Table  1). 
The average CWTh (mean wall thickness for 50–100 tra-
cheids) of the acetylated samples is similar to that of the 
unmodified samples, whereas the apparent CWTh in the 
furfurylated samples is significantly higher than that in 
the control samples of both EW and LW areas. Figure  8 
shows the CWTh distribution for acetylated and furfu-
rylated pine in EW and LW areas.
The CWTh shifts slightly to higher values for acety-
lated samples (Figure 8a,c) especially for LW regions 
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Figure 7: Total porosity and porosity of different microstructural 
components of maplefurf and unmodified maple.
Table 1: Liquid uptake, total porosity, cell wall thickness and maximum opening of tracheid lumen of acetylated and furfurylated samples. 
Sample   Water uptake (%)  Octane uptake (%)
 
 
Total porosity (%) 
 
Cell wall thickn. (μm)  
 
Max. open. trach. (μm)a
EW   LW EW   LW EW
Pineacet16   34.1 ± 1.6  21.0 ± 1.5  73.8 ± 1.8   24.1 ± 5.2  5.7 ± 2.1  14.3 ± 6.9  29.5 ± 12.8
Pinectrl16   54.3 ± 1.5  28.0 ± 2.9  76.1 ± 1.8   29.3 ± 1.0  5.3 ± 2.0  14.6 ± 5.2  31.5 ± 12.8
Pineacet22   41.9 ± 3.7  34.8 ± 6.2  76.6 ± 0.6   26.4 ± 0.8  5.5 ± 2.2  16.1 ± 5.4  33.0 ± 16.7
Pinectrl22   70.6 ± 4.2  36.3 ± 3.2  75.3 ± 0.9   27.5 ± 4.4  5.5 ± 2.1  13.9 ± 5.8  29.3 ± 17.9
Pinefurf28   21.3 ± 4.5  11.8 ± 0.6  66.2 ± 3.8   16.7 ± 3.5  8.4 ± 4.5  19.6 ± 7.2 
Pinefurf45   12.7 ± 1.5  8.5 ± 0.7  61.1 ± 2.7   18.0 ± 1.0  9.2 ± 5.0  19.2 ± 8.3  33.3 ± 19.8
Maplefurf32  13.9 ± 2.4  9.6 ± 1.4  38.9 ± 1.3  nd   nd   nd
Maple   59.2 ± 3.4  30.0 ± 2.6  51.3 ± 2.7  nd   nd   nd
aMaximal opening of tracheid lumen. Water and octane uptake are based on 20-cycle and 10-cycle Wilhelmy plate measurements, respec-
tively (Sedighi Moghaddam et al. 2016).
Figure 6: Octane uptake as a function of total porosity for different 
modified and unmodified wood samples.
The octane uptake and porosity results are based on four replicates. 
The porosity results are calculated based on porosity of EW and LW 
regions obtained from two XCT scans and EW/LW proportion of each 
replicate.
compared to the control samples, while this difference 
in apparent CWTh is significantly larger for furfurylated 
samples especially in LW areas (Figure 8d). Additionally, 
the wood cell walls are thicker at the high-level furfuryla-
tion (pinefurf45) than in a low-level one (pinefurf28) in both 
EW and LW areas. It should be noted that a thick layer 
of furan polymer was deposited on the cell wall, which 
means that the lumen size decreases and the apparent 
CWTh increases, i.e. the observed increase in CWTh is a 
result of swelling and layer deposition.
There is no difference concerning the mean value of 
the maximum opening of tracheid lumens for modified 
and unmodified samples (Table 1). On the other hand, the 
maximum opening of tracheid lumens is not sufficient 
to characterize the effect of the chemical modification 
because the tracheids can be partly filled (Figure 4) and 
this might not affect the maximum opening of the lumens. 
Another geometrical descriptor, the equivalent diameter 
(ED) of the tracheid, was introduced for characterizing the 
micromorphological changes. ED is defined as the diam-
eter of a sphere with a volume equivalent related to the 
volume of the tracheid. Figure 9 illustrates the maximum 
opening of the tracheid lumens as a function of ED for the 
unmodified and modified samples. When the size of the 
tracheids is homogeneous in a sample, their ED increases 
linearly with the maximum opening, which can be noted 
for unmodified pine (Figure 9a). However, in case of modi-
fied samples (Figure 9b–d), the results are more scattered 
due to the morphological changes inside the tracheids. For 
instance, two tracheids with the same maximum opening 
might have different equivalent diameters as a result of 
the furan polymer deposits inside the wood structure 
(Figure 9c,d). This is most probably caused by a perma-
nent bulking in case of chemically modified wood. These 
changes are much more pronounced for furfurylated 
samples than for acetylated ones (Figure 9b with 9c,d). 
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c d
Figure 8: Distribution of the cell wall thickness (CWTh), for (a) acetylated pine EW, (b) furfurylated pine EW, (c) acetylated pine LW and 
(d) furfurylated pine LW.
Figure 9: Maximum opening as a function of equivalent diameter 
of tracheid lumens for pine EW of: (a) unmodified, (b) acetylated, 
(c) furfurylated with a WPG of 28% and (d) furfurylated with a WPG 
of 28%.
Additionally, the sample with the higher furan polymer 
content (pinefurf45, Figure 9d) is also more heterogeneous 
in terms of tracheid size than the sample with lower level 
of WPG (pinefurf28, Figure 9c).
Conclusions
The microstructure of acetylated and furfurylated pine 
and maple samples was investigated by XCT. This facili-
tated quantitative measurements of anatomical changes in 
wood caused by the chemical modification. In particular, 
the total porosity and the porosity of different anatomical 
features were determined, such as the cell wall thickness 
and the tracheid lumen size. Significant micro- structural 
changes were observed for pinefurf and maplefurfur. This was 
mainly visible on change in tracheid shape and filling of 
tracheids by furan polymer in the sapwood samples and 
filling of all ray cells and some vessels in case of maplefurf. 
Conversely, acetylated samples did not reveal significant 
changes even at the high resolution of 0.8 μm. By poros-
ity measurements, it was also possible to elucidate which 
anatomical features that were most strongly affected 
by the chemical modification. The microstructural 
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characteristics (mainly the capillarity) strongly affect 
wetting properties. The porosity of the pinefurf decreased 
due to the chemical modification, which was not the case 
for  pineacet. The wetting results revealed that acetylation 
predominantly reduces swelling, while furfurylation 
reduces both swelling and capillary uptake. The average 
cell wall thickness (CWTh) of acetylated samples was 
similar to that of unmodified ones, however, the distribu-
tion profile of the CWTh shifts slightly to higher values. 
For furfurylated samples, the apparent CWTh was signifi-
cantly higher in both EW and LW areas compared to the 
unmodified control samples. This is due to the combined 
effect of swelling and deposition of a thick layer of furan 
polymer on the cell wall. Furfurylation also diminishes 
the tracheid lumen size.
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